This study focuses on the fabrication of poly (3,4-ethylenedioxythiophene): polystyrene sulfonate (PEDOT:PSS) thin films by ink jet printing and investigates the developed surface morphology and electrical conductivity of the printed films as a function of the concentration of dimethyl sulfoxide (DMSO), added as conduction enhancing co-solvent, and Surfynol, added as a surfactant. The printed films are compared with PEDOT:PSS films fabricated by the traditional spin coating technique. Measurements of the surface tension justify including surfactant as a processing additive, where addition of 1% Surfynol results in substantial decrease of the surface tension of the PEDOT:PSS solution, whilst it also increases film surface roughness by an order of magnitude for both fabrication methods. The addition of 5 %wt DMSO is shown to result in a 10 3 decrease in sheet resistance for both spin coated and inkjet printed films with both processing routes demonstrating decrease in surface roughness and coarsening of PEDOT grains as a function of the co-solvent concentration, whilst x-ray photon spectroscopy showed an increase in the surface PEDOT to PSS ratio from 0.4 to 0.5. Ink jet printed films have lower sheet resistance than the corresponding spin coated films, whilst atomic force microscopy reveals a coarser surface morphology for the ink jet printed films. The findings in this work point out at the decrease of sheet resistance due to coarsening of PEDOT grains which is linked to a decrease of surface roughness for small RMS values associated with the PEDOT grains. However, the higher surface roughness generated when Surfynol surfactant was added was not detrimental to the film's in-plane conductivity due to the fact that these higher roughness values were unrelated to the PEDOT grains.
Introduction
The introduction of organic electronics has seen a torrent of research into thin film plastic devices.
The potential for increased flexibility, performance and cost effectiveness over the more common inorganic materials has generated much interest in the fields of light emitters [1] [2] [3] , high volume photovoltaics [4] [5] [6] [7] [8] and RF antennae [9] [10] all of which can take advantage of the new properties
and production methods open to plastic electronics. Indeed, solution coating, in the form of spin coating, gravure/doctor blade and inkjet printing have themselves opened up new areas for research with a number of devices showing performance related to the processing method of choice [11] [12] [13] .
Central to the work of a number of groups is the highly conducting PEDOT:PSS polymer whose exceptional conductivity, 570 S/cm [14] , high flexibility and thermal stability have demonstrated exceptional value as a high work function anode in OLEDs [15] , photovoltaic cells [16] and as the source/drain electrodes in thin film transistors [17] . Whilst the beneficial electrical properties of PEDOT:PSS such as high work function, hole transporting and electron blocking properties, and tuneable bandgap have been documented, a number of groups have reasoned that the marked improvement in the lifetime of a device can be attributed to the improved surface properties of spin cast PEDOT:PSS over more conventional transparent anodes such as ITO [18] . Despite the performance of PEDOT:PSS, spin coating, which remains the defacto method for rapid prototyping of thin film deposition, offers little potential for mass production due to the excessive waste and the inability to pattern precise, intricate shapes [19] .
With many decades of development, inkjet printing has proven itself as the industry standard for small/medium volume, high intricacy, repeatable solution patterning. With single specialist jetters capable of providing orifice diameters down to 30um, droplet sizes a fraction of this are possible through the negative/positive 'Purdue', wave architecture [20, 21] in the case of piezoelectrically driven units. Conversely, with drop ejection rates of 10 5 s -1 large areas can be patterned quickly without losing the capability for shape complexity. Furthermore, by tailoring solution concentration, including additives, such as surfactants and humectants, and altering processing conditions, including substrate temperature or atmosphere, complex 3D patterning can be achieved through multiple and interfacial layering.
Figure 1. Schematic representation of

Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS)
It has been widely acknowledged that the inclusion of a high boiling point cosolvent, such as sorbitol or dimethyl sulfoxide, can have a dramatic effect on the conductivity of the PEDOT:PSS layer [22] .
Figure 1 displays a schematic representation of the PEDOT:PSS which illustrates the hole conducting PEDOT chain and an adjacent PSS chain, where PSS generally surrounds PEDOT to form a PEDOT nano-dispersion in water and it also provides a counter polyanion chain to the positively charged PEDOT during hole conduction. Several authors [23] [24] [25] have reported conductivity increases of the order of 10 3 when a solvent is added compared to pristine PEDOT:PSS layers, yet the relationship between surface properties and conductivity needs further investigation. In a series of papers [24] [25] [26] [27] , Nardes et al attributed this in-plane conductivity increase in spin coated films to the in-plane decrease of the non conducting PSS interface between conducting PEDOT grains when Sorbitol solvent was added [24] . However, this has not been verified with a wide range of studies, including different processing conditions or comparing different processing techniques. . Common household inkjet inks contain a range of additives beyond the cosolvent and dye solution. Water-miscible organic co-solvents control the wetting and drying characteristics, binders ensure the dye adheres to the substrate whilst humectants prevent crusting at the nozzle. Additionally, surfactants control spreading and biocides repress biological growth. Furthermore, defoamers, anti-cockle and pH controllers are also added. This paper will investigate the effects of two such additives, a cosolvent and a surfactant, on the electrical and surface properties of PEDOT:PSS thin films fabricated by two alternative processing techniques: ink jet printing and spin coating. In this study, a range of PEDOT:PSS solutions have been characterised in terms of their surface tension and the electrical conductivity of their thin films.
The effect of substrate temperature on the profile of the printed drop was investigated to optimize printed patterns. Finally, each sample was analysed via atomic force microscopy (AFM) to gain an understanding of the surface morphology and its dependence on processing technique, cosolvent and surfactant, while the surface morphology was also related to surface conductivity in order to optimize the composition of the feed solution and to compare the ink jet printing technique to spin coating. [28] [29] , which was studied via profilometry for different substrate temperatures. Overlap of the drops in both X and Y position was kept at 20% whilst the dispensing velocity was maintained at ~1.5 m/s by modifying the drive wave architecture for each new set of rheological properties. The distance from the nozzle to the substrate was kept at 2 mm.
Experimental Part
Spin coating was carried out at 3000 rpm, starting by injecting a constant volume of 3.8 ml of PEDOT:PSS solution (with the appropriate additives, depending on the specific experiment) at the centre of the spin coater and letting the volume spread on the surface via the spinning action for 30s.
For both deposition methods 12 types of samples were prepared ranging from 0 to 5%wt DMSO and with 0 or 1%wt Surfynol with each solution being mixed thoroughly by an ultrasonicator and being left to stand for 24h. 25 nm thick chromium electrodes were sputter-coated on top of the printed sample at a constant distance between the chromium electrodes to define a 2 mm 2 PEDOT:PSS film analysis area and minimise contact resistance between PEDOT:PSS and the outer electrode. Electrical measurements were conducted by taking IV curves of the samples with the gradient representing the resistance of the material, this was performed on a 2-point Ametek,
Princeton Applied Research, 'VersaSTAT MC' twin channel potentiostat/galvanostat. 4-point Hall probe analysis using an Accent HL5500 Hall System was used to verify the 2-point readings. No significant disparity between the two systems was noted, as also demonstrated in [25] [26] .
AFM analysis was carried out using a VEECO (Digital Instruments) Nanoscope IIIa 'Multimode'
Atomic Force Microscope. Each sample was analysed in tapping mode using Silicon cantilevers with an average resonant frequency of the order of 270 kHz.
XPS analysis was performed on a ThermoFisher Scientific (East Grinstead, UK) Theta Probe spectrometer. XPS spectra were acquired using a monochromated Al Kα X-ray source (hν = 1486.6 eV). An X-ray spot of ~400 µm radius was employed. Survey spectra were acquired employing a pass energy of 300 eV. High resolution, core level spectra for C1s and O1s were acquired with a pass energy of 50 eV. All other high resolution core level spectra were acquired with a pass energy of 80 eV. All spectra were charge referenced against the C1s peak at 285 eV to correct for charging effects during acquisition. Quantitative surface chemical analysis was performed based on the high resolution, core level spectra following the removal of a non-linear (Shirley) background. The manufacturer's Avantage software was used which incorporates the appropriate sensitivity factors and corrects for the electron energy analyser transmission function.
Results and Discussion
Drop Characterisation and Film Optimisation in Ink Jet Printing
The MicroFab MJ-AT dispensing device used in this investigation has a maximum permissible surface tension envelope of 70 mN m -1 and can print solutions of viscosity up to 20 mPa s, a notable increase over off-the-shelf units. The surface tension of the solution including a surfactant can be described by the Langmuir-Szyszkowski equation
where γ 0 and γ(c) denote the surface tension of the liquid free of surfactant and the surface tension as a function of surfactant concentration, respectively, Γ m denotes a term representing the maximum amount of surfactant that can be accommodated at the interface, R represents the universal gas constant and T the temperature in Kelvin whilst K l is the Langmuir adsorption constant [30] . The surface tension was measured as a function of the concentration of the cosolvent DMSO for two types of PEDOT:PSS solutions without and with 1% wt surfactant Surfynol 2502. It was found that increasing the concentration of DMSO increases the surface tension in both types of solutions although it is more pronounced in samples without surfactant in which the surface tension increases from 0.06 N/m without DMSO to 0.07 N/m for 5 wt% DMSO. The addition of Surfynol more than halves the surface tension of the solution and can accommodate large concentrations of DMSO while keeping the surface tension low. As mentioned earlier, the maximum surface tension permissible to the MicroFab jetter is reached at DMSO concentrations of 5 % wt , hence, whilst surfactants are not necessarily required for this investigation, they would be needed for printing using off-the-shelf and even some specialist ink jet printing equipment [19] . outer circumference, this process is known as the "coffee cup ring effect" [31] . Secondly, one can notice a drop diameter receding proportionally to the substrate temperature as is demonstrated in Figure 3 . It is interesting to observe in Figure 3 that whilst a small 10 K increase in substrate temperature over solution temperature results in a modest 10% decrease in the dried drop diameter, the peak to trough ratio increases by a factor of 2. Whilst this process is undesirable within the context of the current investigation, it may prove useful to applications requiring high surface area interfaces. Figure 4 displays the results of sheet resistance of the fabricated films using two alternative fabrication techniques, ink jet printing and spin coating, and feed PEDOT:PSS solutions without and with 1 % wt Surfynol surfactant and different concentrations of DMSO. As expected, the inclusion of dimethyl sulfoxide (DMSO) has a dramatic effect on the sheet resistance of both spin coated and inkjet printed thin films, with or without the addition of surfactant. The inclusion of DMSO generates a ~10 3 increase in conductivity at just 5% wt concentration in all samples, falling from Ω/□ to 10 3 Ω/□ in the case of inkjet printed samples without any surfactant, for example, as is presented in Figure 4 .
Sheet Resistance Measurements
Charge transport in PEDOT:PSS occurs via Motts variable range hopping between high PEDOT concentration grains through the less conducting PSS interface [27, 32] :
where σ represents the conductivity at a temperature T, and
where m is the hopping dimensionality.
The addition of cosolvent is known to interfere with the PEDOT to PSS attraction resulting in a decreased PEDOT grain-to-grain distance and hence a greater charge hopping probability, according to the relation:
where the probability of a hop from I to J, P ij , is proportional to the exponent of the characteristic hopping length, L, the localization length, ξ, and the energy difference between states, ∆E ij .
It is interesting to note that the introduction of surfactant has little bearing on the sheet resistance, when compared to the effect of cosolvent, in either inkjet or spin coated films and, whilst in spin coating the surfactant ultimately has a small detrimental effect, the reverse occurs for inkjet printed films.
It is remarkable that the sheet resistance of the ink jet printed films is generally lower that the sheet resistance of the corresponding spin coated films; this effect is going to be further investigated and related to the surface morphology of the fabricated films. 
Atomic Force Microscopy (AFM) Analysis
Inkjet printed samples of different compositions in the range of 0-5 %wt DMSO and 0-1 %wt Surfynol were compared to spin coated films of corresponding compositions in AFM characterisation studies. AFM topography maps of like-for-like spin coated PEDOT:PSS films with and without surfactant are displayed in Figure 5 whilst corresponding inkjet printed films are shown in Figure 6 . It is evident that the surfactant Surfynol 2502 creates micro-wide features at the film surface of the order of 100 nm height in both spin coated and ink jet printed films with evidence of orientation and directionality in the case of the ink jet printed film.
The effect of co-solvent DMSO can be seen better in the films with 0% Surfynol: the increase of DMSO concentration from 1 to 5%wt leads to the coarsening of grains, suspected to be PEDOT, in both spin coated (Figures 5(a) and 5(c) ) and ink jet printed films (Figures 6(a) and 6(c) ). Figure 7 displays the average lateral grain size in the AFM maps of ink jet printed films as the DMSO concentration is changed from 1 to 5 wt%: in general, the data confirm the PEDOT grain coarsening phenomenon as DMSO is increased from 2 to 5 wt%, while the trend is less clear for 1-2 % DMSO due to the sensitivity of the measurement affecting the data at such small grain sizes. On the other hand, Figure 8 shows that the RMS roughness of films generally decreases as DMSO concentration is increased, which seems consistent with the corresponding increase in the lateral grain size for the films with 0% Surfynol nm to 10 nm RMS roughness when moving from 0%wt DMSO to 5%wt DMSO respectively, whilst inkjet printed samples showed a corresponding RMS roughness decrease from 23 nm to 18 nm. Figure 8 demonstrates the smoothing effect the cosolvent has for both inkjet and spin coated samples. Interestingly, whilst both spin coated and inkjet printed samples show the same trend, 14 spin coated samples with 1%wt Surfynol surfactant demonstrate a much larger dependence on DMSO concentration than the corresponding inkjet samples, with RMS roughness in the range of 27nm-13nm compared with 24nm-18nm respectively, a 50% compared with 24% decrease in RMS roughness, respectively. However, the addition of 1 %wt Surfynol surfactant, while causing the formation of wide micro-features that increase the RMS roughness value, does not disrupt the PEDOT:PSS interactions and does not affect PEDOT grain size. As conductivity is affected by the PEDOT grain size, since the charge transport continuity in a grain is interrupted by the insulating PSS shell, the Surfynol induced micro-features do not disadvantage the film conductivity. 
X-Ray Photon Spectroscopy (XPS) Analysis
The surface PEDOT to PSS ratio was studied through XPS on a range of samples whose conductivity enhancing DMSO co-solvent concentration varied between 0 and 5% wt . XPS spectra focused on the sulphur 2p (S2p) peaks (example in insert Figure in Figure 7 when the DMSO co-solvent was increased from 1 to 5 %wt, supporting the statement that these are PEDOT grains the relative content of which seems to increase both in the coarsening effect and in the PEDOT to PSS ratio of the respective S2p peaks in the XPS analysis demonstrated in Figure 9 . Work by Kim and Ashizawa [32, 34] demonstrated the effects of a solvent on the conduction mechanism, stating that the high dielectric constant of the co-solvent induces a screening effect in the electrostatic interaction between the PEDOT polymer and the counter-ion containing PSS, resulting in reducing the thickness of the PSS 'shell' and, hence, increase both the PEDOT to PSS ratio at the surface and the charge mobility within the sample. This is supported by both XPS and AFM analysis in this study with corresponding reduction of the sheet resistance also demonstrated in Figure 4 of this study. 
Conclusions
A host of additives are often required to achieve optimisation in reliability, speed and quality during the inkjet printing process. As inkjet printed electrically conductive films reach mass production, the subtle effects on performance of these additives will play a larger role on the compromise between optimal material properties and optimal processing quality. Within this report it has been demonstrated that inkjet printed thin films offer comparable and even better surface and electrical properties to layers deposited by the more commonly used spin coating technique.
Samples were fabricated by either a custom built inkjet printing unit centred around a MicroFab JetDrive dispensing device or spin cast at 3000 rpm onto microslide substrates. DMSO was the co-solvent investigated in this study and Surfynol 2502 was used optionally as a surfactant which lowered the surface tension of PEDOT:PSS solution, a critical parameter for many ink jet printers; this becomes particularly important when DMSO is added, which resulted in some increase of the it has been demonstrated that the inclusion of a surfactant, dictated by the working parameters of most inkjet printing units, generates a considerable increase (by an order of magnitude) in surface roughness for both inkjet and spin coated films. Interestingly, the addition of the surfactant has little effect on the cosolvent-induced conductivity increase, with both spin coated and inkjet printed films demonstrating similar sheet resistances as a function of surfactant concentration. We have shown that the micro-level roughness of inkjet printed films is comparable to those formed by spin coating, where both processes generate an inverse linear correlation between conduction enhancing co-solvent concentration and film RMS roughness due to PEDOT grains (in the cases of 0% surfynol). AFM surface characterization also showed coarsening of PEDOT grains when DMSO co-solvent was added while XPS analysis demonstrated a linear increase in the surface PEDOT to PSS ratio against DMSO concentration: the results from both characterization techniques support the theory that the high dielectric constant of DMSO reduces the electrostatic interaction between the PEDOT polymer and the counter-ion containing PSS resulting in the coarsening of PEDOT domains. Such microstructural effects result in an increase of surface conductivity of the PEDOT:PSS films as the concentration of DMSO is increased, due to the larger PEDOT domains, which are electrically conductive, and reduction of the number of "hops" of the charge carriers over the insulating PSS gaps. Furthermore, ink jet printed films demonstrated higher surface conductivity than spin coated films with equally high concentration of DMSO, attributed to the fact that the ink jet printed films displayed coarser morphology of PEDOT grains than the spin coated films. On the other hand, addition of 1% Surfynol surfactant creates micro-wide features in the film's topography leading to a large increase of surface RMS roughness which, however, does not disadvantage the sheet conductivity of the film due to the fact that it has no effect on the PEDOT grains and their interaction with the surrounding PSS shell.
